ϩ efflux in trophoblast cells that was dependent on extracellular Ca 2ϩ ([Ca 2ϩ ]o). Cytotrophoblast cells, isolated from human placenta, were examined following 18 h (relatively undifferentiated) and 66 h (multinucleate cells) of culture. Potassium efflux was measured using 86 Rb as a trace marker. Intracellular Ca 2ϩ ([Ca 2ϩ ]i) was examined by microfluorometry using fura 2.
[ATP] o significantly increased 86 Rb efflux to a peak that declined to control (18-h cells) or an elevated plateau (66-h cells) and was inhibited by 100 nM charybdotoxin. Removing [Ca 2ϩ ]o significantly reduced 86 Rb efflux in both groups as did application of 150 M GdCl 3. [ATP] o significantly increased [Ca 2ϩ ]i in both groups of cells. The response was reduced by removing [Ca 2ϩ ]o and applying 150 M GdCl 3. For both 86 Rb efflux and microfluorometry experiments, the response to [ATP] o was more dependent on [Ca 2ϩ ]o in 66-h cells compared with 18-h cells (ϳ70% greater). Cytotrophoblast cells exhibit an [ATP] o-stimulated Ca 2ϩ -activated K ϩ efflux. The dependency of this pathway on [Ca 2ϩ ]o is greater in the 66-h multinucleate syncytiotrophoblast-like cells, suggesting that the mechanism for Ca 2ϩ entry may be altered during differentiation of trophoblast cells.
intermediate calcium-activated potassium channel; calcium entry; human placenta THE TRANSPORTING EPITHELIUM of the human placenta, the syncytiotrophoblast, is formed by differentiation of stem cytotrophoblast cells, such that these mononuclear cells fuse to form the multinucleate syncytiotrophoblast layer. This process, which is ongoing throughout gestation, can be reproduced in vitro using cytotrophoblast cells isolated from human term placenta (7, 18) . Ion exchange across the syncytiotrophoblast is essential for normal fetal homeostasis; however, little is known about the expression and function of ion conductances in the syncytiotrophoblast or during its formation by differentiation, or how these conductances may be regulated by agonists. Information concerning such regulation can be summarized as follows.
Cronier et al. (12) showed that Cl Ϫ currents in cultured cytotrophoblast cells could be regulated by the placental specific hormone human chorionic gonadotrophin as well as by intracellular cAMP. A Ca 2ϩ -activated Cl Ϫ current and a volume-activated Cl Ϫ current were also identified in these cells (28), as well as a volume-stimulated Ca 2ϩ -activated Cl Ϫ efflux pathway (50) . Regulation of cation conductances is less well defined. However, there is preliminary evidence showing activation of a K ϩ efflux pathway following exposure of cytotrophoblast cells to the Ca 2ϩ ionophore A-23187 (46) , as well as a volume-stimulated Ca 2ϩ -activated K ϩ efflux pathway (11, 19) . The placenta is unique among the organs of the human body, in that it is not innervated. The role of humoral and autocrine/paracrine factors is, consequently, of great importance in the regulation of both tissue homeostasis and nutrient transfer to the fetus. In other tissues, such as the nervous system and epithelia, extracellular ATP is important as a paracrine/ autocrine regulator of cell function (17, 40, 49) and is involved in activation of both K ϩ and Cl Ϫ conductances (4, 13, 15, 31, 41, 43) . It is thought that ATP is released from cells following shear stress/cell activation, in response to hyposmotic challenge and/or via ATP-binding cassette (ABC) transporters (1, 5, 13, 40, 44) . In the human placenta there is evidence for the ABC transporters cystic fibrosis transmembrane conductance regulator (CFTR) and multidrug resistance (MDR) on the microvillous membrane of the syncytiotrophoblast, which might provide a pathway for cellular ATP exit (2, 14) . There are also data demonstrating increased intracellular Ca 2ϩ ([Ca 2ϩ ] i ) in isolated cytotrophoblast cells following exposure to extracellular ATP (26, 39). Thus ATP may be an important autocrine/paracrine regulator in the human placenta.
Regulation of cation channels following stimulation by agonists has not hitherto been examined in the syncytiotrophoblast. Thus the overall aim of our work is to determine mechanisms of regulation of ion transport by the trophoblast, particularly in regard to the role of [Ca 2ϩ ] i . In the present study we tested the hypothesis that ATP stimulates a K ϩ efflux pathway in cytotrophoblast cells via elevation of [Ca 2ϩ ] i . We determined 1) whether extracellular ATP stimulated directly a Ca 2ϩ -activated K ϩ efflux pathway in cultured cytotrophoblast cells, 2) how extracellular ATP raised [Ca 2ϩ ] i in these cultured cytotrophoblast cells, and 3) the effect of cytotrophoblast cell differentiation on these processes. A preliminary account of this work has been presented previously (9) (10) (11) .
MATERIALS AND METHODS

Materials
Na2ATP, apamin, iberiotoxin, and charybdotoxin were purchased from Sigma-Aldrich (Poole, UK), SKF-96365 from Calbiochem (Nottingham, UK), and fura 2-AM from Molecular Probes Europe (Leiden, The Netherlands). All other reagents were analytical grade from standard suppliers.
Cell Isolation and Culture
Cytotrophoblast cells were isolated using an adaptation of the method of Kliman et al. (30) as previously described in detail (7, 18) . Briefly, human placentas were collected within 30 min of delivery, and the villous tissue was removed, roughly minced, and washed thoroughly with saline. The dissected tissue was digested in trypsin and DNase, and the isolated cells were separated by centrifuging through a discontinuous Percoll gradient. The isolated cytotrophoblast cells were plated into 35-mm culture dishes (ϳ4 ϫ 10 6 cells per 35-mm dish) for efflux experiments or onto flamed 16-mm glass coverslips in 12-well plates for microfluorometry experiments. All cells were maintained at 37°C in a humidified incubator gassed with 5% CO 2-95% air for up to 3 days of culture. We have previously shown that during this time cytotrophoblast cells isolated from human term placenta undergo both morphological and biochemical differentiation to form multinuclear syncytiotrophoblast-like cells (7, 18) . Cells were studied at two time points in culture: after 18 h, when the majority of cells are mononuclear, and after 66 h, when the majority of cells are multinucleate syncytiotrophoblast-like cells.
Rb Efflux
It has previously been demonstrated that 86 Rb can be used as a congener of K ϩ in human placenta (3) and that Ca 2ϩ -activated K ϩ channels are permeable to Rb ϩ (22); therefore, for the purposes of this study, 86 Rb was used as a trace isotope for K ϩ . Cytotrophoblast cells at either 18 or 66 h in culture were loaded with 5 Ci/ml 86 Rb in control Tyrode buffer (composition in mM: 135 NaCl, 5 KCl, 1 MgCl2, 1.8 CaCl2, 5.6 glucose, 10 HEPES pH 7.4 with 10 M NaOH) for 2 h at room temperature. Cells were washed with 50 ml control buffer over 3 min to remove extracellular isotope. Sequential 1-ml samples were collected over 10 min at 1-min intervals by replacing the incubation medium with fresh buffer at the beginning of each 1-min period. At the end of the experimental period, cells were lysed in 0.3 M NaOH for 1-2 h to determine the amount of 86 Rb remaining in the cells. All samples were counted in a Packard gamma counter to determine 86 Rb activity. For experiments examining the effect of removing extracellular Ca 2ϩ , following loading with isotope, the cells were washed in a Ca 2ϩ -free Tyrode solution (as described above with no added CaCl2 and containing 0.5 mM EGTA), and thereafter the experiment was carried out in Ca 2ϩ -free buffer. Experiments were carried out with an agonist (100 M ATP) in the presence and absence of extracellular Ca 2ϩ and inhibitors of Ca 2ϩ -activated K ϩ channels (apamin, charybdotoxin, iberiotoxin) or of Ca 2ϩ entry (GdCl3 and SKF-96365). The agonist ATP was applied after the first 5 min of the efflux time course and throughout the remainder of the experiment. Channel blockers were added 1 min before application of ATP.
Efflux of 86 Rb was expressed as percent per minute and was calculated as 86 Rb in 1-min efflux sample cell 86 Rb at start of 1-min collection ϫ 100
Microfluorometry
Cells were loaded with 1 M fura 2-AM in control Tyrode buffer containing 1% BSA for 30-45 min at 37°C. The coverslip was transferred to a small superfusion chamber (150-l vol; Warner Instruments, Hamden, CT) on the stage of a Nikon Diaphot inverted microscope. The cells were superfused with control Tyrode solution from a gravity-fed perfusion system at a rate of 3 ml/min. Fluorescence was excited and observed through a Nikon ϫ40 oil-immersion objective (numerical aperture 1.3). Excitation light at 340 and 380 nm was supplied via a filter wheel driven by a stepper motor (Newcastle Photometric Systems). A diaphragm in the emitted light path was used to limit light collection to a small cluster of cells (ϳ2-3 cells), and emitted fluorescence was measured by a photomultiplier tube and a Newcastle Photometric Systems photon-counting system. Fura 2 signals were not calibrated in terms of absolute values of [Ca 2ϩ ]i, since the accuracy of such estimates is debatable (52) and since calibration was not necessary for the analysis of the data.
Cells were stimulated by superfusion of extracellular ATP, which was applied for 2 min. To assess the role of extracellular Ca 2ϩ , experiments were repeated in Ca 2ϩ -free Tyrode buffer (composition as above), which was present for 8 min before application of ATP (comparable with 86 Rb efflux experiments) and for the duration of ATP exposure. The Ca 2ϩ entry blocker GdCl3 was added 1 min before ATP.
Data Analysis and Statistics
All data are expressed as means Ϯ SE, where n is the number of placentas from which cells were isolated.
Efflux time courses were assessed statistically using a repeated-measures ANOVA to show overall change with time and an ANOVA with Bonferroni correction to determine differences at individual time points. Rate constants of 86 Rb efflux from 18-and 66-h cytotrophoblast cells were calculated over 5-10 min for each experimental condition (control, Ca 2ϩ -free, ATP Ϯ channel blockers). The rate constants were calculated from plots of ln[Rbi(t)/Rbi(t ϭ 0)] as a function of time, where Rb i(t ϭ 0) were the counts associated with the cells at the start of the time course and Rbi(t) were the counts remaining at time t. Least-squares linear regression was used to analyze the data, and the negative slopes of the graph were taken as a measure of the unidirectional efflux rate constants (min Ϫ1 ). The area under the curve was calculated from 5 min to 10 min of the time course to determine total efflux over the experimental period and expressed as percent increase above control. Differences in efflux between 18-and 66-h cytotrophoblast cells were examined using the nonparametric Mann-Whitney U-test.
For microfluorometry data, the change in fura 2 fluorescence ratio above control (⌬R) was measured at the peak response to ATP and following 2 min of ATP exposure. Data were analyzed statistically using an ANOVA with Bonferroni correction.
RESULTS
86
Rb Efflux
Rate constants, taken as the slopes of the regression lines fitted over the experimental period (5-10 min), were calculated for all conditions tested, and values for 18-and 66-h cytotrophoblast cells are given in Table 1 . In every case the data could be fitted by a single exponential, consistent with loss from an intracellular source. For the purposes of this study, we routinely plotted the data as the time course of percent 86 Rb efflux per minute.
ATP stimulation. Basal (unstimulated) 86 Rb efflux from both 18-and 66-h cytotrophoblast cells was stable over 3-10 min (see Figs. 1 and 2). Addition of 100 M ATP at 5 min caused a rapid, significant increase in 86 Rb efflux that reached a peak at 6 min. In 18-h cytotrophoblast cells, 86 Rb efflux subsequently declined back to control values. However, in 66-h cytotrophoblast cells, 86 Rb efflux declined to a plateau (from 8 to 10 min), which was significantly elevated above control (see Figs. 1 and 2). Ca 2ϩ -activated K ϩ channel blockers. We tested whether 86 Rb efflux was affected by several selective blockers of Ca 2ϩ -activated K ϩ channels (apamin, iberiotoxin, and charybdotoxin). Neither apamin nor iberiotoxin had any effect on ATP-stimulated 86 Rb efflux from either 18-or 66-h cytotrophoblast cells. However, application of charybdotoxin to both 18-and 66-h cytotrophoblast cells largely prevented ATP-stimulated 86 Rb efflux (see Fig. 1 Rb efflux. In both 18-and 66-h cytotrophoblast cells, incubation in Ca 2ϩ -free Tyrode solution caused no significant change in basal efflux. However, the peak ATP-stimulated 86 Rb efflux was reduced in both 18-and 66-h cytotrophoblast (Fig. 2, A and B) . The plateau response in 66-h cytotrophoblast cells was also significantly reduced to control values (Fig. 2B) . The remaining ATP-stimulated increase in 86 Rb efflux in Ca 2ϩ -free buffer was abolished by 100 nM charybdotoxin (data not shown). This suggests that the residual 86 Rb efflux (in Ca 2ϩ -free buffer) was Ca 2ϩ dependent, most likely stimulated by release of Ca 2ϩ from intracellular stores.
The effect of blockers of Ca 2ϩ entry via Ca 2ϩ -permeable channels was also examined. Trivalent lanthanides block most Ca 2ϩ entry pathways. In keeping with this, 150 M GdCl 3 significantly reduced the peak ATP-stimulated 86 Rb efflux at 6 min in both 18-and 66-h cytotrophoblast cells (Fig. 2, C and D) . In 66-h cytotrophoblast cells, GdCl 3 also significantly reduced the elevated plateau in response to ATP down to control levels (see Fig. 2D ). This response was similar to that seen with Ca 2ϩ -free buffer. In contrast, the organic Ca 2ϩ entry blocker SKF-96365 had no significant effect on ATP-stimulated 86 Rb efflux from 18-h cytotrophoblast cells. It did cause a small but consistent reduction in 66-h cytotrophoblast cells over the duration of the experimental period, but this reduction was only significant at the 10% level (Fig. 2, E and F) . Figure 3 shows data for total efflux, calculated as area under the curve, expressed as a proportion of control efflux. ATP-stimulated 86 Rb efflux was signifi- Values are means Ϯ SE; n ϭ 6. Slope ϭ ln [Rbi(t)/Rbi(t ϭ 0)]/min, where Rbi (t ϭ 0) were the counts associated with the cells at the start of the time course and Rbi (t) were the counts remaining at time t. C, control; A, 100 M ATP; AϩG, 100 M ATP ϩ 150 M GdCl3; AϩS, 100 M ATP ϩ 30 M SKF-96365; Aϩ0C, 100 M ATP ϩ Ca 2ϩ -free buffer; 18 and 66 refer to 18-and 66-h cytotrophoblast cells, respectively. cantly greater in 66-h compared with 18-h cytotrophoblast cells. However, charybdotoxin inhibited all the ATP-stimulated 86 Rb efflux in both cell types, thus demonstrating that all 86 cells was noticeably more prominent than that seen in 18-h cytotrophoblast cells. Cells responded to increasing concentrations of ATP (from 1 to 100 M) with changes in the fura 2 ratio of increasing magnitude (Fig. 5) . Both groups of cells demonstrated receptor desensitization with both 10 and 100 M ATP (i.e., there was a decrease in magnitude of response to ATP following second and third applications), which was most marked with 100 M ATP (data not shown). Ca 2ϩ entry. We also examined ATP-stimulated changes in [Ca 2ϩ ] i in Ca 2ϩ -free buffer to determine whether entry of extracellular Ca 2ϩ was important for this response. For this series of experiments, 10 M ATP was used to stimulate cells, since desensitization was less marked with this concentration of ATP than with 100 M ATP. In addition, the duration of ATP stimulation was limited to 2 min. Although this was a shorter exposure than that used for the efflux experiments, this was found to be necessary to strike a balance between allowing us to obtain a second response to ATP (albeit reduced) and maintaining the exposure to ATP for some time beyond the peak of the 86 Rb efflux (ϳ1 min after exposure to ATP). Thus, following the response in Ca 2ϩ -free buffer, stimulation with ATP was repeated in the presence of extracellular . Arrows indicate points for measurement. C, control (measurement is made prior to ATP application); ϩCa 2ϩ , bath contains 1.8 mM Ca 2ϩ ; 0Ca, recording in the absence of extracellular Ca 2ϩ ; peak, maximum increase in fluorescence ratio in response to ATP; plat, measurement after application of ATP for 2 min. The increase above control (⌬R) for the peak response and after 2 min of ATP is used for statistical analysis. -free buffer (n ϭ 6 both groups); AϩG, 100 M ATP ϩ 150 M GdCl3 (n ϭ 6 both groups); AϩS, 100 M ATP ϩ 30 M SKF-96365 (n ϭ 6 both groups); AϩCh, 100 M ATP ϩ 100 nM charybdotoxin (n ϭ 3 both groups). Values are means Ϯ SE. ] i in these cells alters with differentiation.
Characterization of the K
ϩ Channel Underlying the 86 
Rb Efflux Pathway in Cytotrophoblast Cells
We used selective peptide blockers to characterize the K ϩ channel underlying the ATP-stimulated K ϩ ( 86 Rb) efflux pathway identified in this study. Broadly, Ca 2ϩ -activated K ϩ channels can be distinguished into three families: BK, large-conductance channels that are strongly inhibited by iberiotoxin and charybdotoxin; SK, small-conductance channels that are inhibited by apamin but are insensitive to charybdotoxin and iberiotoxin; and IK, intermediate-conductance channels that are strongly inhibited by charybdotoxin, sensitive to iberiotoxin at very high concentrations, and insensitive to apamin. BK channels are voltageand Ca 2ϩ dependent, whereas both IK and SK only require Ca 2ϩ for activation (34). The pharmacological profile of the ATP-stimulated 86 Rb efflux in cultured cytotrophoblast cells suggests that activation of IK underlies this pathway, because 86 Rb efflux was sensitive to charybdotoxin but insensitive to both apamin and iberiotoxin. In other epithelia there is good evidence for ATP-stimulated Ca 2ϩ -activated K ϩ conductances from electrophysiological or efflux studies [airway epithelia (42) ; human sweat gland (53); exocrine cells (33); rat parotid acinar cells (47)]. Several IK channels have also been cloned from a human placental cDNA library (22, 24, 25) . Preliminary PCR data have also provided evidence for mRNA encoding IK in term human placental tissue (A. Y. Al-Taher, unpublished observations); in the same study the authors were unable to detect BK mRNA in this tissue. However, the present study provides the first functional evidence for the IK channel in cytotrophoblast cells of human placenta.
In 66-h cytotrophoblast cells, removal of extracellular Ca 2ϩ completely abolished the ATP-stimulated increase in [Ca 2ϩ ] i (Fig. 6) . However, efflux experiments under parallel conditions showed that substantial 86 Rb efflux, inhibited by charybdotoxin, still occurred. One possible explanation of this paradox arises from the fact that the EC 50 for Ca 2ϩ activation of IK is very low [95-320 nM (21, 24) ]. Both studies proposed that activity of this channel would be expected to occur in unstimulated cells, and thus even a marginal increase in [Ca 2ϩ ] i , which might be barely detectable, may be sufficient to activate such an efflux pathway. Alternatively, this anomaly might reflect efflux from a mixed population of cells. In the 66-h cytotrophoblast cell group, although the majority of cells are multinucleate and syncytiotrophoblast-like, some mononuclear cytotrophoblast cells are also present (7, 8, 18 ). In contrast, only multinucleate cells were selected for microfluorometry studies in the 66-h cytotrophoblast cell group.
Physiological Role of IK in the Human Placenta
Unlike BK and SK, which predominate in excitable tissue, IK is the main Ca 2ϩ -activated K ϩ channel in nonexcitable tissues such as epithelia, endothelia, and T lymphocytes (15, 22, 32, 37, 38) . Activation of this channel has been associated with several functions including growth and differentiation (32, 38) and regulation of Na ϩ and Cl Ϫ secretion in epithelia via recycling of K ϩ , rather than K ϩ secretion per se (22, 24, 29) . Recycling of K ϩ via activation of IK may also be important in the human placenta. In the present study 86 Rb efflux is from the media-facing membrane, which, from electron microscopy studies, is microvillous in structure (7). Indeed, ATP-stimulated 86 Rb efflux has also been measured across the microvillous membrane of placental villous fragments (45) . It is likely, therefore, that IK is located on the microvillous membrane, although expression of the channel on the basal plasma membrane cannot be ruled out. Expression of Na ϩ -K ϩ -ATPase has been demonstrated on both microvillous and basal plasma membranes of the syncytiotrophoblast (23), and there is also evidence for an inwardly rectifying K ϩ channel (8, 36) . It is probable, therefore, that following stimulation of IK, which would result in efflux of K ϩ , both the Na ϩ -K ϩ -ATPase and the inwardly rectifying K ϩ channel could act as pathways for K ϩ uptake into the syncytiotrophoblast, thus providing a mechanism for K ϩ recycling. Recycling of K ϩ could maintain a driving force for Na ϩ -dependent cotransport of, e.g., amino acids, toward the fetus.
ATP Receptors
It has been demonstrated in other tissues that ATP can exit the cell following shear stress or via ABC transporters after a hyposmotic challenge, although this is still controversial (1, 5, 13, 40, 44) . Although the mechanism for ATP exit in human placenta has not been determined directly, the components for this are in place, and there is evidence for expression of ABC transporters in the syncytiotrophoblast of the human placenta (2, 14) . After ATP exits the cell, it is thought to act in a paracrine/autocrine manner as a regulator of cell function (17, 40, 49) .
Extracellular ATP exerts its effect by acting on P2 purinergic receptors. This family of receptors can be broadly subdivided into two groups: P2X (ionotropic) and P2Y (metabotropic) (40, 49 
